It has long been known that extreme changes in North African hydroclimate occurred 14 during the late Pleistocene yet many discrepancies exist between sites regarding the timing, 15 duration and abruptness of events such as Heinrich Stadial (HS) 1 and the African Humid 16
gradual changes in local insolation and also capture abrupt hydroclimate events driven by 23 remote climate forcings, such as HS1. We find strong evidence for extreme aridity within 24 the Nile Basin evolving in two distinct phases during HS1, from 17.5 to 16 ka BP and from 25 16-14.5 ka BP, whereas peak wet conditions during the AHP are observed from 9-7 ka BP. 26 We find that zonal movements of the Congo Air Boundary (CAB), and associated shifts in 27 the dominant moisture source (Atlantic versus Indian Ocean moisture) to the Nile Basin, 28 likely contributed to abrupt hydroclimate variability in northern East Africa during HS1 29 and the AHP as well as to non-linear behavior of hydroclimate proxies. We note that 30 different proxies show variable gradual and abrupt responses to individual hydroclimate 31 events, and thus might have different inherent sensitivities, which may be a factor partially 32 contributing to the controversy surrounding the abruptness of past events such as the AHP. 33
Introduction 40
The paleoclimate history of the Nile River valley in East Africa is of interest due to its 41 rich history of human occupation (Vermeersch and Van Neer, 2015) . Relationships 42 between climate and the distribution of settlements on the Nile River corridor have long 43 been recognized and it is hypothesized that extreme changes in African hydroclimate 44 helped shape the growth and led to the decline of numerous complex societies [Kuper and 45 Holocene when increased rainfall allowed vegetation, lakes and human populations to 48 occupy a "green Sahara", a region that today is a hyperarid desert [Kuper and Kröpelin, 49 2006] . Variability in Nile River flow also played an important role in shaping Egypt's 50 civilizations with the collapse of the Old Kingdom at 4,160 years before present, attributed 51 to a 30 year absence of annual Nile flooding [Stanley et al., 2003] . Although lacking direct 52 evidence, it is hypothesized that HS1, which is recognized as an extreme and widespread 53 drought in North Africa, also had a major impact on Paleolithic cultures [Stager et al., 54 2011] . 55
Previous investigations of North African hydroclimate since the Last Glacial Maximum 56
(LGM) have documented abrupt and extreme hydrological fluctuations as well as 57 considerable temporal and spatial heterogeneity. The timing and duration of the AHP varies 58 with latitude [e.g. Kuper and Kröpelin, 2006] with sites in the north experiencing a shorter 59 humid phase and earlier termination than sites in the south [Shanahan et al., 2015] , 60 following changes in northern hemisphere summer insolation. However, whether the 61 transitions leading into and out of the AHP were abrupt, gradual or stepwise ( 1999]. In East Africa, the role of non-linear biogeophysical climate feedbacks is also 67 debated with recent studies concluding that non-linear biogeophysical climate feedbacks 68 between precipitation and vegetation are absent , that a nonlinear 69 convection feedback associated with Indian Ocean SST could be an important contributor 70 to rainfall variability [Tierney and deMenocal, 2013] , or that a non-linear change in 71 vegetation and sediment erosion occurred in the Early Holocene without a significant 72 decrease in precipitation [Blanchet et al., 2014] . 73
Presently, a gap in our understanding of North African hydroclimate stems from a lack 74 of continuous archives in the vast Nile River corridor [Bard, 2013] , which spans 35 degrees 75 of latitude (4°S to 31°N) over its ca. 6670 km course and has a catchment of nearly 3 million 76 km 2 . Here, we investigate the spatially integrated temperature and hydroclimate history of 77 the Nile River Basin by examining the geochemistry of a sediment core collected from the 78 Eastern Mediterranean (EM) Sea that receives sediment from the Nile River. We measured 79 multiple organic and inorganic geochemical parameters on the same samples to provide a 80 robust assessment of past hydroclimate variability and to examine shifts in the dominant 81 sources of material transported by the Nile River to the EM Sea. We focus the discussion 82 on two extreme and contrasting hydroclimate events: Heinrich Stadial (HS) 1, an arid 83 interval driven by an abrupt external forcing, and the AHP, a wet period driven by gradual 84 changes in insolation. We note that the term abrupt is used qualitatively in many 85 paleoclimate studies; for the purpose of this study we consider an event as abrupt if its 86 onset or termination occurs in 1,000 years or less. 87 88
2.

Study Location 89
Sediment core GeoB7702-3 was collected from the continental slope offshore Israel 90 respectively. The apolar fractions were separated into saturated and unsaturated 119 hydrocarbon fractions using AgNO3-impregnated silica gel. The saturated fractions were 120 analyzed at MARUM, University of Bremen. A Thermo Trace gas chromatograph (GC) 121 coupled via a combustion reactor to a MAT252 mass spectrometer (MS) was used to 122 measure the carbon isotopic composition (δ 13 C) of n-alkanes while a Thermo Trace GC 123 coupled to a MAT253 MS was used to determine their deterium (δD) isotopic composition. 124
Isotope values were measured against calibrated reference gas using H2 for δD and CO2 for 125 
XRF core scanning 171
Element intensities were collected every 1 cm over a 12 mm 2 area with down-core slit 172 size of 10 mm using generator settings of 10 kV, a current of 200 mA, and a sampling time 173 of 30 seconds directly at the split core surface of the archive half with XRF Core Scanner 174 II (AVAATECH Serial No. 2) at the MARUM. The split core surface was covered with a 175 3 m thin SPEXCerti Prep Ultralene 1 foil. The data reported here were acquired by an 176
Amptek XR-100CR detector, the Amptek Digital Spectrum Analyzer PX2T/CR Power 177 Supply/Shaper and Amplifier, and an Oxford Instruments XTF5011 X-Ray Tube 93057 178 with rhodium (Rh) target material. Raw data spectra were processed by the analysis of X-179 ray spectra by Iterative Least square software (WIN AXIL) package from Canberra 180
Eurisys. 181 182
3.4.
Magnetic susceptibility (Multi-Sensor Core logger) 183
Magnetic susceptibility (MS) was acquired non-destructively using a GEOTEK TM (Surrey, UK) Multi-Sensor Core Logger (MSCL) at the MARUM. The measurements were 185 made in 1 cm steps over an area of 1 cm 2 using the BARTINGTON TM point-sensor MS2F. 186
The resulting data is the volume specific MS in e −5 SI units. 187
4.
Results and Discussion 189
4.1.
Sources of material to the coring site 190
Due to its large size, the presence of multiple vegetation zones and contrasting 191 environmental conditions within the Nile Basin, a first step to interpreting the GeoB7702-192 3 proxy records was to determine the main sources of terrestrial material to the core site. (Fig. 3) . These results are in good agreement with those 207 of nearby core 9509 (Fig. 2b) Arish and although this drainage is quite dry today it may have provided an additional 219 source of material during the AHP [Muhs et al., 2013] . 220
The radiogenic isotope records, which we interpret as mainly reflecting Blue versus 221
White Nile sources, suggest increased input of Blue Nile material from 28 to 16 ka BP 222 followed by a shift to increased input of White Nile material at 14 ka BP (Fig. 3b) . A return 223 to increased Blue Nile input occurs at 12 ka BP (the Younger Dryas) and subsequently a 224 dramatic shift to increased contributions of White Nile material occurs, peaking in the early 225 Holocene (Fig. 3b) generally the isotopic composition of precipitation reflects the overall atmospheric 249 transport history of the airmass from which the moisture is derived (e.g. atmospheric 250 circulation) [Dansgaard, 1964; Risi et al., 2008] . As will be discussed in section 4.4, our 251 data suggest that while mainly reflecting rainfall amount, changes in the dominant moisture 252 source also contributed to isotopic variability in Nile Basin δDwax. Leaf waxes are 253 transported by both eolian and fluvial processes but input via the Nile River is the dominant 254 source to GeoB7702-3. 255
The δDwax record of GeoB7702-3 reveals large changes of approximately 64‰ during 256 the past 28 ka BP ( We examined branched GDGTs to reconstruct mean annual air temperature (MAAT) 289 and soil pH within the Nile Basin using the MBT'/CBT [Peterse et al., 2012] and CBT 290 indices , respectively ( Fig. 4b and h ). The CBT Index provides an 291 independent hydroclimate proxy and can be used as a relative indicator of wet versus arid 292 conditions because higher precipitation leads to lower (more acidic) pH values [Weijers et 293 al., 2007] . Overall trends in the CBT-derived soil pH record (Fig. 4h ) track the δDwax record 294 (Fig. 4f) . However, within the AHP interval, the soil pH record reflects a more gradual 295 onset (starting at ca. 11 ka BP) and termination (at ca. 5.7 ka BP) of maximum wet 296 conditions in comparison to the δDwax record, which indicates an abrupt shift to the most 297 depleted values of the entire record in the early Holocene from ca. 9 to 7 ka BP (section 298 4.4). Likewise, a gradual onset and termination of the AHP is noted in the MBT'/CBT-299 derived MAAT record. 300
Another hydroclimate proxy is provided by elemental data from XRF core scanning, 301 yielding information on past variability in Nile River flow. High iron (Fe) content in the 302 EM Sea is attributed to high Nile flood intensity [Revel et al., 2010] . Likewise, the ratios 303 of titanium (Ti) or iron (Fe) to aluminum (Al) in the EM Sea are attributed to fluctuations 304 in material deriving from the Ethiopian Highlands . Ti to calcium (Ca) 305 ratios are often used to examine terrigenous versus marine input. In GeoB7702-3 the lowest 306
Fe/Al and Ti/Ca ratios are from ca. 15.7 to 14 ka BP signaling low runoff ( captured by the XRF records rather than the AHP. Likely, the XRF records are mainly 314 sensitive to conditions at Lake Tana as the majority of Nile River sediment derives from 315 the Ethiopian highlands [Foucault and Stanley, 1989] . 316
A final hydroclimate proxy is provided by the MS record. Bulk soil MS provides a 317 proxy for rainfall based on the premise that MS reflects the degree of pedogenesis, which 318 increases with increasing rainfall [Balsam et al., 2011] . Furthermore, it has been proposed 319
that MS provides a quantitative rainfall proxy when appropriate statistical models are 320 developed and calibrated for a specific region, necessary because relationships between 321 MS and rainfall may be either linear or non-linear [Maher and Possolo, 2013] . We find 322 that the GeoB7702-3 MS record is in close agreement with the δDwax record, supporting its 323 use as a rainfall proxy (Fig. 4) . A modern calibration study and model of the MS-rainfall 324 relationship has not yet been conducted for the Nile River Basin and thus we cannot 325 calculate paleo-precipitation amounts from the MS record. However, it appears this is a 326 promising avenue of future research. To date the MS-precipitation proxy has been studied 327 in soils but our results suggest it also may be applicable to marine settings receiving a large 328 influx of terrestrial material, such as the EM Sea. 329 330
Proxy responses to hydroclimate variability 331
An interesting feature of our data is that individual proxies analyzed on the same 332 samples reveal differences in their responses (abrupt or gradual) to the same hydroclimate 333 events. For example, if we had only examined brGDGTs (MAAT and soil pH), we would 334 conclude that the AHP in the Nile Basin was a gradual event (Fig. 4) . Likewise, if we had 335 only examined δDwax we might conclude that an abrupt event occurred from ca. 9-7 ka BP 336 (Fig. 4) . Thus the onset and termination of the AHP at a single site may be mutually 337 registered as both an abrupt and gradual climate transition, depending on proxy used. Such 338 differences among proxies are not unexpected as each has its own set of associated 339 uncertainties and potential confounding factors, and different parts of the ecosystem (e.g. The Lake Challa record displays significant differences between δDwax, which indicates an 358 abrupt onset and termination of the AHP, and the BIT Index (used as a runoff proxy at this 359 site), which exhibits a more gradual transition from the early-to mid-Holocene [Tierney et 360 al., 2011a ]. These examples demonstrate that different proxies measured at a single site 361 can record varying abrupt or gradual responses to, or different durations of, the same event. 362
As more high-resolution paleoclimate records continue to be generated, differences in the 363 sensitivity of individual proxies to environmental variability is a factor that should be 364 considered with regard to the debate surrounding the abruptness of the AHP. Future 365 multiproxy investigations, as well as compound-specific 14 C investigations, will help 366 further elucidate the responses of individual proxies to hydroclimate events. 367 368
4.4.
The African Humid Period 369
The transition from arid conditions of the Late Pleistocene into the wet phase of the 370 early Holocene at our core site is documented by multiple hydroclimate proxies although 371 variability in the timing and duration of the transition into and out of the AHP is evident 372 (Figs. 4, 5) . While a gradual 2
• C increase in MAAT occurred from 14 to ca. 8 ka BP 373 followed by a 2.5
• C decease until 4 ka BP (Fig. 4d) , most other proxies indicate a more 374 rapid or abrupt transition at ca. 11 ka BP. The overall structure of our δDwax record, which 375 exhibits an appreciable 40‰ decrease from 11 to 9.1 ka, follows the Ba/Ca record of 376
Weldeab et al. [2014] (Fig. 5) , a proxy used to track Nile discharge, reflecting gradual Between 9.7 and 9.1 ka BP, δDwax values decrease by 20‰ in ca. 600 years. Likewise, 383 between 7.5 and 6.7 ka BP, a 20‰ increase in δDwax is noted. Thus, in the Nile Basin δDwax 384 record, the peak phase of the AHP occurred from ca. 9 to 7 ka BP and its onset and 385 termination were abrupt. The soil pH, MS and EM SST records (Fig. 4e, 4g, 4h) also 386 indicate an excursion during this peak phase of the AHP. In each of these records the abrupt 387 transitions into and out of the peak humid phase are superimposed on a longer, more 388 progressive shift in East African hydroclimate. 389
The external cause of the AHP is attributed to increased northern hemisphere summer 390 insolation and associated feedbacks, which intensified land-sea temperature gradients and 391 summer monsoonal circulation, and shifted the tropical rainbelt to the north during boreal 392
summer [Kutzbach and StreetPerrott, 1985; Claussen et al., 1999] . However, it is 393 We suggest that the abrupt shift in the δDwax record from 9-7 ka BP could result from a 411 shift in the dominant moisture source, consistent with the model described above. A switch 412 in the dominant moisture source is a mechanism that can account for abrupt isotopic 413 changes thereby contributing to non-linear behavior of δDwax. The Nile Basin δDwax record 414 points to increased inputs of Atlantic Ocean-derived moisture (i.e., depleted δD) during the 415 peak phase (9-7 ka BP) of the AHP, which could result from an eastward shifted CAB. 
Heinrich Stadial 1 425
Our multiproxy records reveal that a number of striking hydroclimate changes occurred 426 in the Nile Basin during the transition from the LGM to the Holocene with the most severe 427 aridity occurring during Heinrich Stadials (HS) (Fig. 4) 
2011]) as the onset and termination of this event in the δDwax and MS records occurs prior 431
to the onset of HS1 noted in the soil pH, MAAT, XRF or EM SST records (Fig. 4 & 6 Fig. 4 and 6) . 442
High δDwax values during HS1a could result from increased temperature, a shift in the 443 dominant vegetation type, a precipitation reduction or a shift in the dominant moisture 444 source. Temperature can be excluded as the interval prior to ca. 16 ka BP is characterized 445 by the lowest SST and MAATs of the entire record. Similarly, vegetation is not the main 446 factor contributing to deuterium enrichment as discussed previously. As other Nile Basin 447 proxies and numerous North African paleoclimate records indicate maximum aridity 448 occurring during HS1b (Fig. 4, discussion below) , a precipitation reduction is unlikely to 449 be the sole cause of the excursion to maximum δDwax values. We therefore suggest that 450 during HS1a the Nile Basin experienced a shift in the dominant moisture source and 451 received relatively less inputs of Atlantic-derived moisture or greater amounts of Indian 452
Ocean-derived moisture. Furthermore, although chronological differences cannot be ruled 453 out when comparing multiple sites, we note that the excursion in the Nile Basin δDwax 454
record during HS1a appears to be synchronous with the Lake Tanganyika δDwax record 455 , which mainly falls under the influence of the Indian Ocean, where 456 HS1 terminates at 15.8 ka BP (Fig. 5c and f) . A westward shifted position of the CAB 457 could produce such an isotopic shift over the Nile Basin. Africa, on decadal or longer timescales, is well-established [Rowell, 2003] . Low EM SST 462 reduces the moisture content of the lower troposphere, leading to reduced southward 463 moisture advection and decreased low-level moisture convergence over the Sahel, thereby 464 reducing precipitation [Rowell, 2003] . Synchronous with low EM SST, a major excursion 465 is seen in the XRF elemental ratios (Fig. 4) , attributed to the desiccation of Lakes Tana (Fig. 6) . 473
In the Arabian Peninsula region exceptionally dry and dusty conditions are noted during 474 following the desiccation of Lake Tana with decreased runoff from the colder Ethiopian 481
Highlands and relatively higher contributions of White Nile material (Figs. 3, 4) . 482 483
4.6.
Influence of hydroclimate variability on human populations 484
The dramatic hydroclimate changes that took place in North Africa during the AHP had 
5.
Conclusions 511
Our multi-proxy study demonstrates that dramatic hydroclimate variability occurred in 512
Nile Basin during the past 28,000 years. Overall, our new Nile Basin records support other 513
North African hydroclimate records while providing information regarding shifts in the 514 dominant sources of material delivered to the EM Sea via the Blue Nile and the White Nile. 515
While δDwax is often interpreted to reflect precipitation amount in the African tropics, our 516 data suggest that shifting moisture sources, related to migrations of the tropical rainbelt 517 and CAB, also contributed to isotopic variability. As δDwax may behave non-linearly due 518 to the additional influence of changing moisture sources, care should be taken when 519 interpreting δDwax records from areas falling under the influence of isotopically distinct 520 moisture sources. We note that at several North African sites, hydroclimate records reveal 521 both abrupt and gradual responses to single events and these differential responses appear 522 to be proxy-dependent, potentially contributing to the debate surrounding the abruptness 523 of the AHP. Our new records provide strong evidence for severe aridity in the Nile Basin 524 during HS1, an event that evolved in two phases, whereas maximum wet conditions 525 occurred during the AHP from ca. 9-7 ka BP. Zonal migrations of the CAB likely 526 contributed to the extreme hydroclimate fluctuations observed during these events, which 527 may have impacted Paleolithic cultures residing along the Nile corridor. 528
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Center/Excellence Cluster "The Ocean in the Earth System". 536 Victoria δDwax [Berke et al., 2012] . δD from the Nile and Congo River Basins was measured 804 on the C31 n-alkane while the Gulf of Aden, Lake Tanganyika and Lake Victoria δD records 805 3. Eastern Mediterranean Sea core MD 9501 . 4. Eastern Mediterranean Sea Core the D wax record. Furthermore, the entire 0-28 ka BP Nile Basin D wax record displays similar trends to D wax records from the Congo Basin , the Gulf of Aden and Lake Tanganyika (Fig. 5) , sites located vast distances apart and characterized by different vegetation types [White, 1983] , further confirming that vegetation shifts were not a main factor driving variability in D wax . Indeed, a recent study of  13 C wax and D wax in a transect of cores collected off the coast of western Africa concluded that vegetation changes (C 3 trees and C 4 grasses) exert only a minor influence on D wax in comparison to changes in the isotopic composition of precipitation [Collins et al., 2013] . 
